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(57) In the manufacturing of 16 Mbit DRAM chips, 
the deep trench formation process in a silicon wafer b/ 
plasma etching is a very aiticai step when the etching 
gas includes 02 (e.g. in a standard HBr-NF3 chemis- 
try). As a result, the monitoring of the trench formation 
process ard thus the etch end point determination is 
quite difficult- The disclosed monitoring method is 
based on zero order interferometry. The wafer is placed 
in a plasma etcher (57) and a plasma is created (58). A 
large area of the wafer is illuminated (59) through a view 
port by a radiation of a specified wavelength at a normal 
angle of incidence. The reflected light is collected then 
applied (60) to a spectrometer to generate a primary 
signal S of the interferometric type. Next, this signal is 
applied in parallel to two filters (61), A low -pass filter 
produces a first secondary signal Si that contains data 
related to the deposition rate and the redeposited layer 
thickness. A band -pass filter produces a second sec- 
ondary signal S2 that contains data related to the trench 
etch rate and depth. The band-pass filter is centered 
around the fundamental frequency of the interferometry 
phenomenon. These filtered signals are monitored (62) 
as standard and the trench formation parameters such 
as the Si02 redeposited layer thickness and the trench 
depth are accurately measured in real time to allow an 
accurate determination of the etch end point (63). It is 
worthwhile to have the optical emission of the plasma 
viewed by another spectrometer to generate a second 
primary signal S* that is used to validate the parameter 
measurements {59*. 60'. 61 '). 
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Description 

FIELD OF INVENTION 

The present invention relates to the manufacture of 
semiconductor integrated circuits incorporating 
trenches and more particularly to a method for real-time 
and in-sftu monitoring the trench formation process by 
dry etching techniques. The method allows an accurate 
etch end point detection. 

BACKGROUND OF THE INVENTION 

Deep trerK;h technology is a key factor in the devel- 
opment of advanced bulk CMOS and bipolar semicon- 
ductor devices for innproved device performance and 
density. Trenches are extensively used in the semicon- 
ductor technology mainly for the isolation of bipolar 
devices or in the fabrication of capacitors in DRAM 
memory chips. An essential parameter of the trench 
during fabrication is its depth which can vary from 3 to 
10 um for a capacitor trench and from 3 to 20 um for an 
isolation trench. Different techniques have been devel- 
oped so far for anisotropically etching trenches in semi- 
conductor substrates, but dry (plasma) etching 
techniques such as reactive ion etching (RIE) are cer- 
tainly the most commonly used to date. 

A state of the art deep trench formation process in 
the manufacturing of CMOS DRAM cells with trench 
capacitors is briefly described hereafter in ccnj unction 
with Figs. 1 to 5. These drav/ings are cross-sectional 
views of a semiconductor structure at different stages of 
the processing. 

As shown in Fig. 1 . there is illustrated a portion of a 
conventional semiconductGr wafer. The structure refer- 
enced 1 0 comprises a silicon (Si) substrate 1 1 coated 
with a composite insulating layer forming the so-called 
trench pad 1 2. Said composite layer typically consists of 
a bottom 15 nm thick silicon dioxide (Si02) layer 13. an 
intermediate 1 75 nm thick silicon nitride (Si3N4) layer 
14 and a top 500 nm pyrditic silicon dioxide layer 15, 
The latter is preferably deposited by a Low Pressure 
Chemical Vapor Deposition (LPCVD) technique using 
tetra ethyl ortho silicate (TEOS). A layer 16 of a photore- 
sist material, e.g. AZ1350J supplied by HOECHST 
Wiesbaden, Germany, is formed on top of the structure 
with a thickness of about 1100 nm. Semiconductor 
structure 1 0 must be understood as a part of a wafer to 
be processed that includes £ great number of chips. 
The photoresist layer 16 is exposed through a litho- 
graphic mask to UV light, then developed as standard to 
produce a photoresist mask with the desired pattern. At 
this initial stage of the process, the structure is shown in 
Fig. 1. 

Now. the patterned layer 16 will be used as an in- 
situ mask tor patterning the successive underlying lay- 
ers forming trench pad 12 by dry etching. Current VLSI 
dry etching processes are achieved either by high pres- 
sure planar plasma etching or by low pressure reactive 



ion etching. The etch process is typically dependent 
upon the generation of reactive species (atoms, radi- 
cals, ions) from a determined gas that are inrpinged on 
the surface of the material to be etched, A chemical 
5 reaction takes place between the material and these 
species and the gaseous reaction product is then 
removed from the surface. Typically, the Magnetically 
Enhanced Reactive Ion Etching (MERIE) AME PRECI- 
SION 5000 tool, supplied by APPLIED MATERIALS 
70 INC. Santa Clara. CA. USA, is appropriate to etch the 
trench pad 12 through the photoresist mask 16. Differ- 
ent compositions of gas may be used. For instance, car- 
bon tetrafluoride (CF4) with the following operating 
conditions: 

15 



CF4 flow 


1 05 seem 


power 


600 W 


pressure 


17 Pa 



Next, the remaining photoresist layer 1 6 is removed 

25 as standard, for example by ashing in 02 and N2 at 
245°C in another reaction chamber of the AME 5000 
tooL At the end of this step, the resulting structure with 
an opening referenced 17 in the trench pad 12 is shown 
in Fig. 2. As apparent from Fig. 2, a slight removal of the 

30 silicon substrate 1 1 due to over etching can be noticed. 
Opening 1 7 may be a hole as standard but is not limited 
to that particular shape. 

Finally, the silicon substrate 1 1 is etched for trench 
formation using the patterned trench pad 12 as an in- 

35 situ mask until the desired trench depth is reached. Typ- 
ically, this is accomplished by a relatively complex proc- 
ess which employs an oxygen-based chemistry that 
causes continuous Si02 redeposition at a variable rate 
as long as the trench is being etched. For instance, a 

40 HBr + NF3 + 02 gas mixture, wherein oxygen is diluted 
in He (30% 02/70% He) is appropriate. In particular, 
this competition produces fluorine radicals (F) that etch 
silicon and bromine radicals (Br) which combine with 
the etched silicon to form silicon bromide radicals 
45 (SiBr). In turn, the silicon bromide radicals react with the 
oxygen to produce said Si02 redeposited layer. Typical 
operating conditions read as follows: 



HBr gas flow 


65 seem 


NF3 gas flow 


12 seem 


He/02 gas flow 


20 seem 


power 


700 W 


pressure 


13 Pa 


magnetic field 


20 Gauss. 



3 



EP0 756 31 8 At 



4 



This essential step will be described in more details 
by reference to Figs. 3 to 5. 

First of all. in a preliminary cleaning step, the above 
gas nnixture (without oxygen) is used to remove the 5 
native oxide layer that was produced on the exposed sil- 
icon surface during the previous step of patterning the 
trench pad 12. This layer, and more generally any 
source of contamination, cause micro-masking effects 
that would be detrimental to the DRAM chip reliability. 

Next, the HBr + NF3 + He/02 gas mixture and the 
MERIE tool mentioned above are used to selectively 
etch silicon with the strong anisotropy that is desired. As 
the silicon is etched, successive layers of thin pyrolitic 
silicon dioxide, assumed stoichiometric (Si02), are /5 
r^eposited onto the structure and in particular passi- 
vate the trench side- walls forming a collar frier eon. Si02 
redeposition insures adequate slope formation and 
trench side-wall smoothness. This is apparent from Fig. 
3. which illustrates the trench formation process at an 20 
initial stage. 

In Fig. 3, the Si02 redeposited layer and the trench 
are referenced by numeral 18 and 19 respectively. It is 
important to remark the particular shape of the redepos- 
ited Si 02 layer at the top of the trench which forms a 25 
neck above a typical tapered structure. As soon as etch- 
ing is initialed, the trench depth D and the thickness E of 
the redeposited layer are continuously monitored. 

Fig. 4 shows the structure 10 at an intermediate 
stage of the trench formation process. The thickness of 30 
the S(02 redeposited layer has increased and is at a 
maximum. On the contrary, the neck dimensions are at 
a minimum. If the neck dimensions are too small, the 
trench opening can be obstructed causing extinction of 
the plasma. 

From now. the thickness of the redeposited Si02 
layer 18 tends to decrease while the neck dimensions 
terKls to increase. As soon as the desired final trench 
depth Df is reached, the etching process is stopped. At 
this final stage of the trench formation process, the 40 
resulting structure is shown in Fig. 5. In particular. Fig. 5 
shows the typical profile of the trench 19 with the rede- 
posited layer 18 formed thereon. The final trench depth 
Df is obviously the key parameter of the trench forma- 
tion process. However, the final thickness Ef of the rede- 4£ 
posited Si02 layer and the final slope angle of the 
trench are also other important parameters. The thick- 
ness E of the redeposited layer must be carefully moni- 
tored because, by no means, the top of the pyrolitic 
Si02 layer 1 5 must be attacked during the trench forma- 5; 
tion process. 

There is no doubt that the physical characteristics 
of the trench must be very carefully controlled to 
achieve satisfactory results in most applications. This is 
more particularly true in the DRAM technology where 
the trench cross-sectional profile illustrated by its final 
slope angle and final depth Df are of particular concern 
in all respects. Therefore, it is of paramount importance 
to have these parameters, and in particular the trench 



depth D and the thickness E of the redeposited layer 1 8. 
continuously and accurately monitored during the 
trench formation process. Known methods to nK>nitor 
such a deep trench formation process include ellipsom- 
etry, laser diffractometry and infra-red interferometry. 

Using the former technique, the thickness E of the 
Si02 redeposited layer 1 8 is continuously measured by 
ellipsometry to determine the variations thereof, 
because there is a relatively good correlation between 
the thickness evolution (which depends on the etching 
duration or time t) and the slope angle. Unfortunately, 
the correlation is relatively poor with respect to the cor- 
resporxfing depth D. because trenches may have differ- 
ent final depths Df with the same final taper angle. As 
result, after completion of the trench, a sample wafer at 
the stage of the structure of Fig. 5, is sliced to provide a 
cross-section which, through SEM analysis, permits the 
exact determination of the final depth Df. Should this 
value be out of specifications, the whole lot of wafers 
would be rejected- Therefore, ellipsometry is not an 
accurate monttorinc method, it requires an extra analy- 
sis step and may finally result in wafer waste. 

According to the laser diffractometry technique, a 
small diameter laser beam is impinged on the surface of 
the wafer at a norma! angle of incidence. Each individ- 
ual trench of the trench pattern causes diffraction of the 
incident beam. Because of the different beam inci- 
dences on all the individual trenches, the reflected 
beam has several orders of reflection, referred to as the 
zero, first, second ... etc. The zero order cannot be 
exploited by the diffractometer because of its high inten- 
sity and because it contains non pertinent information. 
Thus, the first order and the next ones of the reflected 
beam are used instead. The reflected beam is focused 
on a photo diode detector to produce an electrical signal 
which is representative of the intensity variation. This 
signal allows on-line trench etch rate and depth calcula- 
tions during the etching. Hosr/ever this technique has 
some drawtacks. To obtain a good signal to noise ratio, 
the system uses a sophisticated optical device associ- 
ated to a large view port in order to capture a maximum 
of refracted orders. Consequently, it requires an expen- 
sive and relatively sophisticated equipment. In addition, 
the detector and the wafer must be oriented in a partic- 
ular direction. The beam cross-section is about of a few 
square millimeters and is therefore not representative of 
a large area of the wafer. Finally, this technique has a 
very low reproducibility because of the signal distortion 
caused by the inherent deposition of materials on the 
view port of the reaction chamber of the RIE equipment. 

Finally, the infra-red interferometry technique is 
based on the use of a determined wavelength (in a 
range of four to tv^enty five times higher than the trench 
dimensions) generatedby a laser. Because structure 10 
55 contains a pattern composed of a great number of 
trenches (one capacitor trench per stored bit) it acts like 
a two-dimen^onal diffraction grating for the first and 
higher orders. In the case of normal incidence, succes- 
sive minima of the interference signal are separated by 
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a distance which corresponds to the etched thickness 
during one period T A system implementing this tech- 
nique requires a kind of training to determine the refrac- 
tive index of the material through comparative steps- 
The reflected signal is recorded and used to calculate 5 
trench etch rate and depth parameters in real-time. 
According to recently published papers, this technique 
appears to provide high precision measurements 
because of the selected range of wavelengths but 
remains limited to research laboratories and none ig 
equipment adapted to the manufacturing environment 
has been commercially made avaifabie as of yet. More- 
over, this technique appears to be expensive, difficult to 
maintain and not well adapted to present application 
where the thickness of the redeposrted layer varies dur- ^5 
ing the trench formation process. 

All these techniques have thus specific limitations 
but they all have in common that they can only analyze 
and monitor one event, for instance the evolution of 
either the thickness E of the redepjosited layer or the 20 
trench depth D. As a matter of fact, none equipment 
adapted to the manufacturing environment has been 
commercially made available for the in-situ and on-tine 
monitoring of all the important parameters of the trench 
formation process. The trench formation process is 25 
lengthy and known to be very critical to the overall suc- 
cess of the DRAM chip manufacturing. In particular, 
because of the real difficulty of etching the silicon only at 
the bottom of the trench but not at the collar, a very 
accurate monitoring control of the redepostted layer 30 
thickness is required. 

SUMMARY OF THE PRESENT INVENTiON 

The present invention aims to provide a method for 55 
real -time and in-situ monitoring the trench formation 
process wherein deep trenches are formed in a silicon 
wafer placed in the reaction chant)er of a dry etching 
equipment. 

The reaction chamber is provided with a top view 4d 
port disposed above the wafer and in parallel relation- 
ship therewith. During the plasma processing, a light 
beam having a specified wavelength L is applied to the 
wafer thiough the top view port via an optical cable and 
a lens. This lens produces a parallel light beam which 45 
illuminates a relatively large area of the wafer at a sub- 
stantiatly normal angle of incidence. The reflected beam 
is focused by said lens and transported via another opti- 
cal cable to a spectrometer tuned on this wavelength. 
The analog signal that is outputted from this spectrome- so 
ter is therefore illustrative of the interferences of the 
retiected light 

Preferably, because signal processing is easier with 
a digital signal, this analog signal is converted in a dig- 
ital signal in an AID converter. The digital signal. 55 
referred to as the primary signal S is applied to a com- 
puter for signal processing. It has been discovered that 
said primary signal S is a composite signal which has 
low frequency and higher frequency components. 



Therefore, according to an essential aspect of the mon- 
itoring method of the present invention, these two com- 
ponents are extracted by numeric filtering in the 
computer using Cauer type filters. A low -pass filter pro- 
duces a first secondary signal Si that is illustrative of 
the Si02 layer redeposition and a band -pass filter (cen- 
tered around the fundamental frequency of the interfer- 
ometry phenomenon) produces a second secondary 
signal S2 that is illustrative of the trench etching. As a 
result, signal S1 thus allows the real-time in-situ moni- 
toring of the deposition rate and of the redeposited layer 
thickness. On the other hand, signal S2 allows the real- 
time in-situ monitonng of the trench etch rate and depth. 

Preferably, according to another important aspect 
of the monitoring method of the present invention, a 
radiation emitted by a specified species of the plasma 
(e.g. SiBr) having a wavelength L* is observed fhrough 
a lateral view port provided in the reaction chamber by 
another spectrometer via an optical cable. This spec- 
trometer generates an analog signal which is represent- 
ative of the intensity of the plasma and has an amplitude 
v\4iich continuously decreases as far as the trench 
depth increases. Similarly, this analog signal is digital - 
ized in an A/D converter The digital signal, referred to 
as the primary signal S'. is then applied to the compu- 
ter. The computer is capable to generate the derivative 
of this signal S* that is labelled S". These signals S' 
and S" are continuously monitored to detect any anom- 
aly in the plasma that couid make the parameters meas- 
urements mentioned above unreliable. Therefore, the 
monitoring method of the present invention allows to 
continuously monitor the trench depth D and the thick- 
ness E of the Si02 redeposited layer, and simultane- 
ously to have a permanent validation of these 
parameters. 

In essence, the present method simuttaneousiy 
uses zero order interferomelry (through the top view 
port) and standard optical emission spectroscopy 
(through the lateral view port), interferometry provides 
the deposition rate and deposited iayer thickness varia- 
tions on the one hand, and trench etch rate and depth 
variations on the other hand ' In turn, optica! emission 
spectroscopy is used to identify any anomaly or a 
plasma extinction during the trench formation process. 
These data are correlated with interferometry data for 
validation. Finally, the method of the present invention 
allows to accurately stop etching when the desired final 
trench depth Df has been attained. 

OBJECTS OF THE PRESENT INVENTION 

Therefore, it is a primary object of the present 
invention to provide a method for in-situ and on-line 
monitoring of the trench formation process in a semi- 
conductor structure by dry etching. 

It is another object of the present invention to pro- 
vide a method for in-situ and on-line monitoring of the 
trench formation process that is essentially based on 
zero order interferometry. 
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It is another object of the present invention to pro- 
vide a method for in-situ and on-line monitoring of the 
trench formation process wtierein a relatively large area 
of the semiconductor structure is illuminated at a sub- 
stantially normal angle of incidence with a monochro- 
matic radiation of a specified wavelength. 

It is another object of the present invention to pro- 
vide a method for in-situ and on-line monitoring of the 
trench formation process wherein the reflected light is 
applied to a spectrometer to generate a primary signal. 
S of the interlerometric type which has a composite 

nature- 
It is another object of the present invention to pro- 
vide a method for in-situ and on-line monitoring of a 
trench formation process wha-ein said primary signal S 
is first digitalized. then filtered using numeric filter to 
produce two secondary signals SI and S2 containing 
redeposition and trench etching related data respec- 
tively. 

it is another object of the present in^.-ention to pro- 
vide a method for in-situ and cn-line monitoring a trench 
formation process wherein said numeric filtering 
includes a low-pass filter and a band-pass filter cen- 
tered around the fundamental frequency of the interfer- 
ometry phenomenon- 
It is stiil another object of the present invention to 
provide a method for in-situ and on-line monitoring of a 
trench formation process which uses optical emission 
spectroscopy data that are correlated with the inieriero- 
metric data for validation thereof. 

it is another object of the present invention to pro- 
vide a method for in-situ and orvline monitoring of the 
trench formation process wherein the reflected light is 
applied to another spectrometer to generate a second 
primary signal S* that is used to detect any anomaly in 
the plasma behavior. 

It is still further another object of the present inven- 
tion to provide a method for in-situ and on-line monitor- 
ing of a trench formation process that is fully adapted to 
intelligent and predictive maintenance- 

The novel features believed to be characteristic of 
this invention are set forth in the appended claims. The 
invention itself, however, as well as other objects and 
advantages thereof, may be best understood by refer- 
ence to the following detailed description of an illus- 
trated preferred embodiment to be read in conjunction 
with the accompanying drawings. 

RRIFF DESCRIPTION OF THE DRAWINGS 

Figs. 1 to 5 are partial cross-sectiona! views of a 
semicorKjuctor structure that schematically illustrate a 
conventional trench formation process. 

Fig. 6 is a schematic viev^' of the etching and moni- 
toring SiStem which includes top and lateral spectrome- 
ters adapted to monitor the trench formation process 
illustrated in conjunction with Figs. 1 to 5 according to 
the present invention- 
Fig..? shoves an enlarged view of the collim.ator sec- 



tion of the system of Fig. 6 that is designed to illuminate 
a relatively large area of the wafer being processed with 
a parallel light beam. 

Fig. 8 shows the typical waveform of the primary 
; signal S of a composite nature outputted by the top 
spectrometer which has not been used in a manufactur- 
ing environment so far and the signal 8' derived there- 
from. 

Fig. 9 is comprised of Figs. 9A and SB which Sche- 
ie matically show the attenuation diagram of the low-pass 
and band-pass numeric filters that are used to filter the 
primary signal S of Fig. 8 in accordance with the method 
of the present invention to generate secondary signals 
81 and 82 respectively. 
15 Fig. 10 show/s tfie waveform of the secondary sig- 

nals 81 and 82 that are obtained after a coarse filtering 
of the primary signal S of Fig. 8 in two numeric filters 
whose filter coefficients are not fully adapted on the one 
hand and the optical emission signal S* and its deriva- 
20 tive signal S'* on the other hand. 

Fig. 1 1 shows the waveform of the secondary sig- 
nals SI and 82 that are obtained after an efficient filter- 
ing of the primary signal S of Fig. 8 when adequate filter 
coefficients have been calculated. Optical emission sig- 
25 nal 8- and its derivative signal S" remain unchanged. 

Fig. 12 shoves the typical waveforms of the optical 
emission signal 8' and its derivative 8*^ in case of 
anomalies consisting of an instability in the plasma fol- 
lowed by a plasma extinction. 
30 Fig. 13 schematically shows the flow-chart of the 

essential processing steps of the monitoring method of 
the present invention. 



npy^r.RIPTlON OF T HE PREFERRED EMBO DI- 
35 MENTS 

DESCRIPTION OF THE SYSTEM 

Now turning to Fig. 6. there is shown the etching 
40 and monitoring system 20 that is adapted to carry out 
the monitoring method of the present invention. System 
20 first comprises a dry etching equipment 21 vyhich 
essentially consists of an etch-treatment (or reaction) 
chamber 22 enclosing a planar-shaped susceptor 23 
45 that holds the article to be processed (typically a silicon 
wafer 24) and a RF power supply source 25. According 
to an essential aspect of the present invention, it is 
essential the etch-treatment chamber 22 be provided 
with at least one window or view port made of a material 
50 that is transparent for the wavelength of the radiation 
being used and which permits an adequate illumination 
of the wafer 24 to produce a strong reflected signal of 
the interlerometric type. An appropnate etching equip- 
ment in that respect is the AN/IE precision 5000 tool 
55 mentioned above which includes a plurality of single 
wafer etch-treatment chambers. V/ith such an imple- 
mentation shown in Fig. 6. the view port referred to as 
the top view port 26. is located at the top wall of cham- 
ber 22. It allows the illumination of wafer 24 substantially 
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at a norma! angle ot incidence. With this type of tool, 
susceptor 23 is the cathode and the chamber wall forms 
the other electrode which is connected to the ground. 
The plasma 27 generated between the two electrodes 
contains chemical species that are representative of the 5 
etching conditions. While etching is performed, the light 
emission from these species in the plasma changes in 
intensity as a function of time, etched material and sur- 
face modifications. 

System 20 further comprises the monitoring appa- 10 
rat us 28 to reduce to practice the method of the present 
invention. A light source 29 illuminates the wafer 
through top view port 26 via a optical cable 30 and a col- 
lector lens 31 . According to the teachings of the present 
invention, a specified monochromatic radiation wave* is 
length L is used. Criteria at the base of the wavelength 
L selection will be discussed later on. The light reflected 
back from the surface of wafer 24 is focused in optical 
cable 32 by lens 3 1 . then transported by said optical 
cable 32 to a spectrometer (or a spectrograph) referred 20 
to hereinbelow as the top spectrometer 33. Optica! 
cable 32 has the same construction as c^tical cable 30. 
In the present irnplementation. a plurality of elementary 
optical fibers are assembled dose together and at ran- 
dom to form a single bundle of fibers. Optical cables 30 2S 
and 32 are constructed from fibers of a same bundle as 
apparent from Fig. 6. The elementary optical fibers 
forming said optical cables 30 and 32 are arranged to 
have approximately the same optical axis and are per- 
pendicular to the wafer 24. As a result, according to a 30 
preferred embodiment of the present invention, optical 
cables 30 and 32 are viewing the wafer 24 substantially 
at a normal angle of incidence through top view port 26. 
Still according to this preferred embodiment, lens 31 
ensures illumination of a relatively large area of wafer 35 
24 by a parallel light beam through top view port 26. 
This particular implementation will be described in more 
details later on by reference to Fig. 7. However, other 
implementalions. tor instance, a focused light beam illu- 
minating only a small area of the wafer could be envi- 40 
sioned as well. 

The top spectrometer 33 is for instance the model 
DIGISEM commerdally available from SOFIE INST, 
Arpajon. France. This model of spectrometer is tunable 
over a wide-range spectrum of radiations and. in the 45 
present case, is tuned on the specified radiation wave- 
length L mentioned above emitted by mercury lamp 29. 
As generally knov^n by those skilled in the art. a spec- 
trometer is comprised of a monochromator and a detec- 
tor. The light transmitted via optical cable 32 is received so 
by the scanning monochromator which selects the 
specified radiation wavelength. The selected radiation is 
then received by the detector. The detector may be 
either a low-noise diode detector or preferably a low- 
noise photomuitiplier tube combined with an analog til- 55 
ter and an amplifier. The analog signal that is outputted 
by the amplifying section of spectrometer 33 is of the 
interferometric type because of the particular imple- 
mentation shown in Fig. 6. This analog signal is applied 



to a processing/analyzing unit 34 where it will be digital- 
ized and then processed according to the teachings of 
the present invention. This signal, regardless its analog 
or digital nature will be referred to hereinbelow as the 
primary signal S. 

According to another significant aspect of the 
present invention, it is highly desirable to have data 
related to the optical emission generated by plasma 27. 
To tfiat end. a lateral optical cable 32" viewing plasma 
27 through a lateral or side view port referenced 26* in 
the close vicinity of the wafer surface and substantially 
at a zero angle ot incidence is connected to another 
spectrometer (or spectrograph). This spectrometer 
referred to hereinbelow as the lateral spectrometer 33* 
thus generates an analog signal that is illustrative of the 
light intensity changes in the plasma glow discharge. 
Optical cable 32' is similarly constructed by a bundle of 
elementary optical ftoers. Finally, this analog signal is 
digrtalized before being processed in processing/ana- 
lyzing unit 34. Signal S', regardless its analog or digital 
nature, will be referred to hereinbelow as the primary 
signal S\ 

During the trench formation process, silicon bro- 
mine based radicals are produced as a by-product of 
the reaction and the glow discharge spectrum shows 
some SiBr radiations over a wide range of wavelengths. 
As a result, silicon bromine has been the selected spe- 
cies and the shortest wavelength, i.e, the 447 nm radia- 
tion (which is well isolated from the other radiations and 
has the maximum amplitude variation in percent) was 
selected as wavelength L' on which spectrometer 33' is 
tuned. As known for those skilled in the art. primary sig- 
nal S' is capable to provide information on the plasma 
stability ar>d homogeneity and thus on the process 
reproducibility from wafer to wafer. Therefore, analog 
signal S' will be continuously monitored to provide use- 
ful information as to any anomaly (or trouble-shooting) 
produced in the plasma during the trench formation 
process that could make the trench parameters meas- 
urements unreliatjie. 

As apparent from Fig. 6. processing/analyzing unit 
34 is comprised of two blocks 35 and 36. Block 35 
includes the lA/ converters, anti-alaising (low fre- 
quency) filters, AID converters and buffers that are nec- 
essary to digitalize analog signals S and S*. 
Digitalization of analog signals S and S' is performed by 
the sampling technique as standard. Block 36 is typi- 
cally a software operated digital computer such as an 
IBM PS/2 v/hose key role is to process said primary sig- 
nals S and S' that are outputted from block 25 once 
digitalized. Computer 36 generates two signals, referred 
to as secondary signals 81 and S2. that are obtained 
from primary signal S by numeric filtering These sig- 
nals S1 and 82 are essentia! to the method of the 
present invention (their nature will be discussed later 
on). Moreover, computer 36 generates the derivative 
signal S** from primary signal S' still by numeric f iltering 
for a more accurate detection of any instability. Finally, 
apparatus 28 further includes a pnnter 37 (or a chart 
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recorder unit or a plotter or a visual display) that is con- 
nected to computer 36. Printer 37 allows the printing of 
all signals that are generated according to the present 
monitoring method for operator convenience. Computer 
36 is able to monitor operation of the etch -treatment 5 
chamber 22 in real time through control line 38 which is 
connected to the RF frequency power supply source 25 
via a remote control unit. This line 38 allows automatical 
switch -off of the trench formation processs at etch end- 
point detection, i.e. when the desired final trench depth yo 
Df has been attained or in case of anomalies (plasma 
extinction or an excessive number of instabilities). 

Note that only one spectrometer cou\<i be used as 
well instead of spectrometers 33 and 33*. should an 
advanced spectrometer such as mode! SDA sold by is 
SOP IE INST. Arpajon, France be used. This type of 
advanced spectrometer is provided with a multi -channel 
photo-diode array- 
Preferably, light source 29 wtiich generates said 
radiation having a specified wavelength L is a low pres- 20 
sure mercury pen ray lamp, such as type 90-0020-01 
sold by UVP, San Gabriel, CA, USA which delivers eight 
radiations having wavelengths in the 254-579 nm range. 
However, a xenon arc lamp, such as model L2 174-02 
sold by HAMAMATSU PHOTONICS KK. Japan that has 25 
a continuous spectrum in the 250-800 nm range may 
adequately offer the desired wavelength irrespective the 
particular application in consideration. The wavelength 
L is selected using the following criteria. It must be short 
enough to allow a high precision control of the deposi- 3o 
tion phenomenon (which is characterized by its low fre- 
quency) by increasing the frequency of signal Si. but 
not too much, because during the trench formation 
process a thin layer of Si02 is also deposited onto the 
internal face of top view port 26 and the shorter the 35 
wavelength, the greater the absorption. Therefore, the 
choice must result from a compromise between the 
monitoring of a slow event (the redeposition phenome- 
non) illustrated by lov^ frequency secondary signal 81 
and the monitoring of a fast event (the trench etching) 40 
illustrated by secondary signal S2 that has a higher fre- 
quency. Optionally, another criterion will be to select a 
radiation wavelength which does not interfere with the 
wavelengths of the radiations emitted by the species in 
the plasma. Avoiding parasitic interactions with the opti- 45 
ca! emission due to the plasma, will allow a good corre- 
lation between the two phenomena: interferometry and 
optical emission spectroscopy, an effect which is sought 
according to the present invention. From experiments, it 
has been demonstrated that a wavelength equal to 365 so 
nm or 407 nm is a very good choice in all respects. In 
the following description, the specified wavelength L will 
be selected equal to 365 nm. 

Fig. 7 shows the collimator section referenced 39 of 
the monitoring apparatus 28 of Fig. 6 in more details. It 55 
essentially consists of housing 40 which encloses col- 
lector lens 31 . Housing 40 has a transparent bottom fac- 
ing top view port 26 and is adapted to receive the 
merged portion of optical cables 30 and 32 which is 



connected to its top. The shape of the light beam 41 that 
is directed onto the wafer (via optical cable 30) and is 
reflected therefrom (via optical cable 32) is clearly 
depicted in Fig. 7. The role of collimator section 39 is to 
convert a small diameter light beam in a parallel beam 
having a larger diameter, so that a relatively large area 
(a few square centimeters) of wafer 24 is illuminated. As 
mentioned above, other implementation (e.g. a focused 
light beam) could be used. 

DESCRIPTION OF THE METHOD OF THE PRESENT 
INVENTION 

Fig. 8 shows curve 40 illustrating ix'imary signal S 
(in volts) as a function of time (in seconds) Ifiat is gener- 
ated by the top spectrometer 33 as a resuH of the wafer 
surface reflectivity. Curve 41 shows signal S' that is 
derived from primary signal S after normalization 
(between 0 and 1 00%) as standard. Once the anti-alais- 
ing filters of block 35 ha/e been stabilized and after 
magnification, primary signal S appears to be com- 
prised of signals of different nature that are mixed. Obvi- 
ously, neither primary signal S nor its derivative signal S' 
can be exploited as such. Inventors have conducted 
various experiments to understand the nature of the sig- 
nal components composing the primary signal S of Fig. 
8. Assuming first that the relatively high frequency com- 
ponent was parasitic noise caused by the AhAE 5000 
tool, they first filtered out this high frequency component 
in a low -pass numeric filter They obtained a low fre- 
quency signal that obviously contained useful informa- 
tion with regard to the redeposition phenomemon 
mentioned above in conjunction with Figs. 1 to 5. but 
nothing appeared to be related to the trench formation 
process. Therefore, the high frequency component was 
then thoroughly studied. Detailed anaiysis showed this 
signal was containing all the trench related information. 
Jn essence, the monitoring method of the present inven- 
tion is therefore based first on the recognition that the 
primary signal S of the interferometric type generated 
by the top spectrometer 33 is a conposite signal com- 
prised of two cornponents, a lov/ frequency component 
which contains redeposition related data and a higher 
frequency component which contains trench formation 
related data. More specKicalty, the redeposition related 
data include the redeposition rate and the redeposited 
layer thickness while the trench related data include the 
trench etch rate and depth. As a result, a coefficient R 
can be defined as the etch rate'redeposition rate ratio. 
The purpose of the present invention is thus to propose 
a method of processing the primary signal S generated 
by the top spectrometer 33 to access to all the the infor- 
mation inherently contained therein, a potential which 
has not been tapped so far. The basic inventive concept 
at the base of the present invention is implemented in a 
practical way by an adequate processing of the primary 
signal S in two numeric filters. A low -pass filter pro- 
duces the low frequency component (secondary signal 
SI) and a high-pass filter or preferably a narrow pass- 
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band filter produces the higher frequency component 
(secondary signal S2). All these filters are of the elliptic 
recursive type. The band-pass filter has its centra! fre- 
quency centered on the frequency of the physical phe- 
nomenon to be observed by interferometry. i.e. the 
trench formation process. This centering is automati- 
cally performed by an adequate selection of the sam- 
pling frequency Fs as standard. 

Numeric filters are extensively used in a number of 
technology fields. A numeric filter may be understood as 
a black box having a determined transier iuncHon In a 
specific space, e.g. Fourier. Laplace and the like. In the 
complex plane of Laplace, the transfer function H(p) is 
defined by the relation H(p) = S(p)/E(p) . wherein E(p) is 
the input signal and S(p) the output signal. A numeric fil- 
ter of the infinite pulse response is characterized by the 
following relation: 



The synthesis of a numeric filter basically consists 
in the calculation of these coefficients ai and bj once its 
frequency response is determined. To that end. a known 
method is based on the use of bands or models which 
define the forbidden areas where the response is pre- 
vented, it now remains to determine the minimum 
number and the values of said coefficients that provide 
the desired frequency response. The greater the 
number of coefficients, the better the attenuation slope 
(but at the cost of a slower response). Different types of 
frequericy responses are possible, in the present 
instance, numeric filters of the Cauer type are preferably 
used because they provide a good compromise 
between the number of coefficients to be calculated and 
the attenuation slope. As known for those skilled in the 
an, the calculation of said coefficients is pedormed 
using abacus or a specific software such as LAB WIN- 
DOWS sold by NATIONAL INSTRUMENTS. Austin. 
USA. A brief survey wtll be now given by reference to 
Fig. 9 which is comprised of Figs. 9A and 9B. 

Now turning to Fig. 9A. there is schematically 
shown the attenuation diagram (in db) of the low -pass 
filter versus the normalized frequency F/Fs. where Fs is 
the sampling frequency. As apparerrt from Fig. 9 A. two 
bands (gray areas) are necessary to define a low-pass 
filter. In Fig. 9 A, fp and fa mean the normalized frequen- 
cies that define the cut-off frequency between the pass- 
band (I) and the attenuated band (11). Likewise. Ap and 
Aa on the one hand and Aa' on the other hand mean the 
attenuation levels for the pass-band and the attenuated 
band respectively. Curve 42 illustrates the typical (nor- 
malized) frequency response of a Cauer low-pass filter. 

Similarly. Fig. 9B schematically shows the attenua- 
tion diagram of the band-pass filter versus the rwrmal- 
ized frequency F/Fs. In Fig. 9B. three bands are now 
necessary to define the band-pass filter, so that a sub- 



division of normalized frequencies fp and fa is required. 
On the one hand, frequencies fa- and fa-^ define the 
upper and lower limits of bands 1 and Hi re^ectively. 
while on the other hand, frequencies fp- and fp+ define 

5 the lower and upper limit of band II. Likewise. Ap, Aa 
and Aa' have the same meaning as mentioned above, 
i.e. they d^ine the attenuation level of the bands shown 
in Fig. 98. Curve 43 illustrates the typical (normalized) 
frequency attenuation of a Cauer tjand-pass fflter. As 

10 mentioned above, the band 11 is centered on frequency 
Fo which corresponds to the fundamental frequency of 
the interferometry phenomenon, so that relation fp- < fo 
< fp+ (with fO = FO/Fs )- 

As apparent from curves 40 of Fig. 8, primary signal 

15 S is usable by the conputer 36 only for a limited period 
of time approximately equal to 600 sec, after this delay 
the intensity of this signal would be so weak that it would 
not be accurate enough. Same reason applies to pri- 
mary signal S' so that Figs. 10 to 12 only shov,' signal 

20 waveforms for that period of time. 

Now turning to Fig. 10, there is first shown the 
v\,aveforms of secondary signals Si and S2 when the fil- 
tering of primary sigr^l S is not efficiently performed. 
Curve 44 illustrates secondary signal Si which is the 

25 lew frequency component of primary signal S with a non 
negligible influence of the high Uequency component 
Likevi'ise. curve 45 illustrates secondary signal 82 
which is the high frequency component of primary sig- 
nal S with a clear influence of the low frequency conrpo- 

30 nent thereon which disturbs its periodicity and shape. 
As such, secondary signals Si and S2 still remain diffi- 
cult to exploit for accurate monitoring of the trench for- 
mation process. Fig. 10 further shows curves 46 and 47 
which respectively illustrate primary signal S* generated 

35 by the lateral spectrometer 33\ referred to as the optical 
emission signal and signal S" which is derived there- 
from The role of these signals will be explained hereaf- 
ter in more details. 

Fig. 11 shows the waveforms of same signals i.e. 

<o Si . 82, S' and S" when the coefficients of the numeric 
filters have been perfectly calculated for an effident fil- 
tering. Curve 48 illustrates secondary signal Si which 
clearly appears as being related to a slow event. Curve 
49 illustrates secondary signal S2 which clearly 

45 appears to be related to a faster event. As a result, only 
the waveforms in this period of time are shown in Fig. 
10. Curve 48 is used to determine the deposition rate 
and the thickness of the Sf02 redeposited layer v/hile 
curve 49 is used to determine the trench depth and the 

so etch rate according to the standard method. For 
instance, as far as signal secondary Si is concerned, 
two successive zeroes correspond to a thickness varia- 
tion dE equal to L74'N1 wherein L is the specified radi- 
ation wavelength and Nl the refractive index of the 

55 trench pad according to the theory of the "effective 
medium" (see for instance, the article: Etch control by 
use of infrared reflectivity measurements by M. Ray. 
published in the IBM Technical Disclosure Bulletin. Vol. 
34. No 5. Oct. 91. pp 200 & 201). The refractive index 
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N1 is thus determined experimentaily. The time interval 
needed to move from one zero to the other one is equal 
to a half period T1/2. thus, the redeposition rate R1 for 
that period of time is such as 
R1 = dE/(T1/2) = LJ2^N1 'Tl . The average red^osltion s 
rate R(1) decreases almost linearly as a function of 
time. Likewise, tor secondary signal S2. the trench etch 
rate R2 for a half period of signal S2 is given by 
dD/{T2/2) = Ly2*N2*T2 wherein dD is the trench depth 
variation. N2 is the refractive index of the trench and T2 w 
the period of signal S2. The total etching duration (and 
thus the etch end stop point) is extrapolated from the 
average trench etch rate value R(2) determined during 
this period of about 600 sec. According to the particular 
operating conditions illustrated by reference to Fig. 8, 75 
the total etching duration is atx)ut 1200 sec to produce 
a trench depth of 8 um. Still according to these condi- 
tions, the following figures ha-^e been m.easured. Typi- 
caiiy, for signal S1 (with a sampling period Ts1 of about 
3.6 sec), the period T1 is about 200 sec. the refractive 20 
index Nl is about 1.5 and the redeposited layer thick- 
ness variation dE is about 30 nm/min. For signal S2 
{with a sampling period Ts2 of about 0.6 sec), the 
period T2 is about 20 sec, the refractive index N2 is 
about 1 and the trench depth variation dD is about 450 2s 
nm/min. As a result, as soon as the corrputer has 
measured the period for both secondary signals Si and 
82, the essential parameters of the trench formation 
process can be determined. Still in Fig. 11, cun/es 50 
and 51 illustrate primary signal S* and derivative signal 30 
S" respectively Signal S' (curve 50) is generally contin- 
uously decreasing but not linearly It decreases linearly 
and rapidly at the beginning of the trench formation 
process and more slowly after a certain time, but it is 
prone to have different shapes. The duration of about 35 
600 sec mentioned above is also adequate to conduct 
valid measurements on signal S'. Signal S' which con- 
tains valuable infornnation as to the plasma behavior is 
therefore exploited in combination with secorKiary sig- 
nals Si and S2 to provide additional data as to the 40 
trench formation process. This point will be now 
described in more details by reference to Fig. 12. 

Fig. 12 illustrates a typical case where an instability 
is followed by a plasma extinction. Curves 52 illustrates 
primary signal S* and curve 53 illustrates signal S*' in 45 
another experimentation. The small instability 54 that 
can be seen in curve 52 becomes much more apparent 
in curve 53 which exhibits an important surge. Curve 52 
also illustrates a plasma extinction at point 55. Both the 
instability and the plasma extinction can easily be so 
detected. The trench formation process can be auto- 
matically stopped should an excessive number of 
surges be identified. In that regard, a surge counting 
can be implemented in computer 36 which can also be 
adapted to detect a plasma extinction. 5f 

Fig. 13 shows flow-chart 56 which summarizes the 
essential steps of the nrKDnitoring method of the present 
invention. According to box 57. the wafer is placed in the 
evacuated reaction chamber of the dry etching equip- 



ment. Then, a plasma that includes oxygen is created 
(box 58) so that a Si02 layer is redeposited onto the 
substrate during trench etching as described above. A 
relatively large area of the substrate is illuminated wrth a 
parallel light beam of a specified radiation at a substan- 
tially normal angle of incidence (box 59). Now. accord- 
ing to tx5x 60. the reflected light is applied to the top 
spectrometer 33 to generate primary signal S of the 
interferometric type. Next, as apparent from box 61. 
said primary signal S is applied to two fitters in parallel: 
a low-pass filter to extract the low frequency component 
and a band pass filter centered around the fundamental 
frequency of the interierometry phenomenon to extract 
the higher frequency component to generate respective 
first and second secondary signals Si and S2. On the 
other hand, simultaneously, the light emitted by a spe- 
cific species (e.g. SiBr) of the plasma is viewed (box 
59 ). The light is applied to the lateral spectrometer 33' 
(box 60'). which in turn generates primary signal S* 
illustrative of the light intensity changes in the plasma. 
Signal S* is processed to produce its derivative signal 
labelled S*' in box 61'. Finally in real time, these signals 
are monitored in box 62. Said first secondary signal S1 
is monitored as a function of time to measure the 
redeposition rate and the redeposited layer thickness. 
Said second secondary signal S2 is likewise monitored 
as a function of time to measure the trench depth and 
etch rate. Derivative signal S" is monitored to validate 
these trench formation parameters just mentioned. As 
illustrated by box 63. the etching process is stopped 
when the desired final trench depth Df has been 
attained. 

The monitoring process of the present invention 
may thus find numerous and valuable applications if the 
field of semiconductor structure manufacturing and in 
the field of intelligent and predictive maintenance- 



Claims 



1. A method for real-time and in-situ monitoring of 
the trench depth and Si02 redeposited layer thick- 
ness parameters during the trench formation proc- 
ess in the substrate of a silicon wafer comprising 
the steps of: 

a) placing (57) the wafer in an evacuated reac- 
tion chamber of an etching equipment; 

b) creating (58) a plasma including 02 to etch 
a desired pattern of trenches in at least a por- 
tion of said substrate wherein a Si02 layer is 
redeposited during trench formation; 

c) illuminating (59) a determined area of said 
portion with a light beam including at least one 
specified radiation wavelength (L) with an ade- 
quate angle of incidence to produce a reflected 
light of the interferometric type; 
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d) applying (60) the reflected light to a spec- 
trometer to generate a prirnary signal (S); 

e) processing (61) said primary signal for 
extracting the low frequency component and 5 
the higher frequency connponent that compose 
said primary signal referred to as secondary 
signals Si and S2 respectively: 

f) monitoring (62) said first secondary signal io 
which contains the redeposition rate and Si02 
redeposited layer thickness related data and 
said second secondary signal which contain 
trench etch rate and trench depth related data: 
and. ^5 

g) stopping (63) the etching when the desired 
final trench depth Df has been attained. 

2- The method of claim 1 wherein said step e) con- 20 
sists in: 

applying said primary signal to two filters in parallel: 
a low-pass filler to extract the low frequency com- 
ponent and a band pass filter centered around the 
fundamental frequency of the interferometric phe- 25 
nomenon to extract the high frequency component. 

3. The method of claim 1 or 2 further comprising the 

steps of: 

30 

i) simultaneously to step c) (^serving (59') a 
species of the plasma having a determined 
radiation wavelength (L") with a spectrometer 
at a close vicinity of the structure and at a zero 
angle of incidence ; 35 

j) applying (60') said radiation to a spectrome- 
ter to generate another primary signal (S') that 
is illustrative of tne optical emission in the 
plasma; 

k) monitoring (62) said primary signal (S') or its 
derivative signal (S*') for correlation with said 
secondary signals (Si & S2) to identify any 
anomaly (instability, extinction. „. ) in the 45 
plasma for validation thereof. 

4. The method of claim 1. 2 or 3 wherein step c) 
consists in the illumination of either a large area of 
the wafer including a great number of trenches or a so 
small area of the wafer including a small number of 

trenches. 

6. The method of any above daim wherein said fil- 
ters are either of the analog or of the numeric type. 55 

7. The method of claim 6 wherein said filters of the 
numeric type are Cauer filters. 



8. The method of any above claim wherein L = 365 
nm and L' = 447 nm. 
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